Background: Dual wavelength laser generation has been of constant interest due to their applications in optical communications and teraheartz generation. A novel configuration for Dual-wavelength laser generation based on the use of a couple of multimode interference (MMI) filters is demonstrated in a ring cavity Erbium-doped fibre laser. Methods: The MMI filters consist of a segment of no-core fibre spliced between two SMF-28 single mode fibre segments. The MMI filters configured as a Mach-Zehnder interferometer, are used as transmission spectral filters for simultaneous generation of two laser wavelengths. An optical attenuator is used to adjust the intra-cavity losses for dual-wavelength laser generation. Results: Laser emission at 1540.4 and 1554 nm for a wavelength separation of~13.6 nm is obtained. The laser wavelengths output power stability variations with the applied pump power is also experimentally discussed. Conclusions: The use of MMI filters in the proposed dual-wavelength laser filter is experimentally demonstrated as a reliable device for dual-wavelength generation in fibre lasers.
Background
Spectral filters in optical fibre based on single-modemultimode-single-mode (SMS) fibre structure have been of significant interest as reliable optical devices because of their many advantages such as compatibility for all-fibre integration, low cost, low insertion loss and ease to fabricate. The operation principle of the SMS fibre structure is based on a self-imaging phenomenon described for slab waveguides by Soldano and Penings [1] . The filtering aspects of the SMS fibre structure was discussed by Mohammed et al. [2] . The SMS filter exhibits a narrow transmission spectral width with a leading wavelength peak. Moreover, its transmission wavelength peak can be tuned by external parameters such as temperature, strain and liquid refractive index [3, 4] . This features make the SMS fibre structure attractive for fibre-optical sensing [5] [6] [7] and tuneable fibre laser applications [8] [9] [10] . The performance of the SMS structure as a band-pass filter [8, 9] make it a reliable device for wavelength selection and tuning of ring cavity fibre lasers. Furthermore, when the MMI filter is properly designed, the transmission peak wavelength can be easily selected in terms of the multimodal fibre (MMF) refractive index, core diameter and length [2, 3] .
As the dual-wavelength laser emission has generated a considerable interest in recent years, the obtaining of two simultaneous laser wavelengths by using a single cavity has been attractive in different areas such as optical fibre sensing, optical communications, microwave and terahertz generation. However, EDF is a homogeneous gain medium at room temperature, which leads to a strong mode competition for the generated laser lines. Therefore, several techniques to achieve dual-wavelength laser emission where the use of optical filters as a reliable method for cavity losses adjustment have been reported [11] [12] [13] [14] [15] , among which can be mentioned fibre Bragg gratings (FBG), Mach-Zehnder interferometer (MZ) and Sagnac interferometer. Recently, tuneable Erbium-and Ytterbium-doped fibre lasers using MMI filters have been reported [8] [9] [10] . However, the potential of using MMI filters for dual-wavelength laser generation, has been underexploited. To our knowledge, only few researches of dual-wavelength fibre lasers in which a SMS structure is used for dual-wavelength generation have been reported [16] [17] [18] . However, the use of a single SMS structure in these investigations, limits the laser lines wavelength separation and make difficult the wavelength selection and the cavity losses adjustment.
In this paper, we demonstrate stable dual-wavelength laser emission of an EDF laser based on the use of two SMS filters. The filters with SMS structure are disposed in a MZ interferometer configuration for separately laser wavelength selection. The dual-wavelength laser lines separation is~13.6 nm with laser lines wavelength at 1540.4 and 1554 nm. The wavelength is marginally modified with the increase of the pump power. The reliability of using two MMI filters for separately wavelength selection of stable dual-wavelength laser operation is experimentally demonstrated.
Methods
MMI dual-wavelength filter principle and characterization Figure 1a shows the schematic of the SMS structure used in our experiments. A segment of multimode nocore fibre (NCF) is spliced between two segments of standard single mode fibre (SMF-28).
The SMS structure has a narrow band-pass response with a wavelength peak based on the multimodeinterference self-imaging effect. The modes are excited in the NCF when a field is launched from the input SMF. The interference of these excited modes produces selfimages at periodic intervals along the NCF. The central wavelength of the SMS filter can be expressed as [4] :
where p is the self-image number, n NCF is the NCF effective refractive index, D NCF is the diameter of the NCF corresponding to the effective width of the fundamental mode, and L is the NCF length. The homemade MMI filters were constructed to obtain the fourth self-image by using a NCF (in which air acts as cladding) with 125 μm diameter. The NCF lengths of 58.7 and 58 mm, to obtain transmission wavelength peaks of 1537.5 and 1554.3 nm (for MMI filter 1 and MMI filter 2 respectively) were calculated with Eq. (1). Fig. 1b shows the transmission of the constructed MMI filters.
To measure the transmission, we used a LED source with emission in a wavelength range from 1465 to 1650 nm, as input signal. The transmission of the MMI filters was estimated by the following method: Initially, three spliced segments of SMF-28 fibre were mounted in a metal plate to avoid instability in the estimation, and the fibre ends were connected to bare fibre adaptors. In one of the adaptors the LED source was connected and the input signal spectrum was recorded with an OSA at the other connector. Then, the central segment of SMF-28 fibre was replaced with one of the MMI filters. Likewise, the output signal of the LED source due to the MMI was measured. The transmission of both separately MMI shown in Fig. 1b was estimated as the measured MMI output signal divided by the measured LED source output signal. As it can be observed, the transmission spectrum of the MMI filter 1 (blue line) exhibits a wavelength peak at~1538.6 nm and for the MMI filter 2 (red line) a wavelength peak is observed at~1554.3 nm. The FWHM of both MMI filters is around 11 nm. The transmission losses for the MMI filter 1 and MMI filter 2 are 19 % and~14 %, respectively. Figure 2 shows the configuration and the spectral response of the proposed dual-wavelength filter with two MMI filters (MMI-DWF) used to obtain dual wavelength laser emission in a ring cavity fibre laser. To achieve both transmissions with independent performance, the MMI filters were disposed between two 50/50 fibre couplers (coupler 1 and coupler 2) in a MZ interferometer configuration as it is shown in Fig. 2a . The filter is mounted on a metal plate to avoid instability of the laser performance due to mechanical deformation. 
The interference modulation is avoided due to the long path difference between the two arms of the MZ interferometer. Figure 2b shows the transmission of the MMI-DWF. The transmission spectrum exhibits two wavelength peaks at 1538.5 and 1554.6 nm corresponding to the MMI filter 1 and the MMI filter 2, respectively. As it can be observed, the longer wavelength peak presents slightly higher transmission than the shorter wavelength peak, in accordance with the individual MMI filters transmission spectra shown in Fig. 1b .
Results and discussions
The experimental setup for the dual-wavelength EDF laser using the proposed MMI-DWF is shown in Fig. 3 . A 3-m length EDF (MetroGain M-12 980/125) with absorption of 20 dB/m at 1531 nm and numerical aperture (NA) of 0.24 was used as a gain medium. The EDF is pumped by a 980 nm single mode laser diode with maximal output power of 120 mW through a 980/ 1550 nm wavelength-division multiplexer (WDM). A polarization independent optical isolator (ISO) is placed to force unidirectional ring laser operation. As it was shown in Fig. 2b , the longer wavelength peak of the MMI-DWF exhibits a higher transmission than the shorter wavelength. For intra-cavity losses adjustment to achieve stable dual-wavelength laser operation, an optical attenuator (OA) was inserted in the MMI-DWF arm containing the MMI filter 2 to add losses by curvature on the MMI filter with higher transmission. The coupler 1 output port taken as the laser output is used to measure and analyze the laser spectrum by an optical spectrum analyzer (OSA, Yokogawa AQ6375) with scanning range from 1200 to 2400 nm and spectral resolution of 0.05 nm. Figure 4 shows the EDF laser output spectra at pump power of 100 mW. Figure 4a shows the simultaneous dual-wavelength laser emission with equal output powers at laser wavelengths λ 1 = 1540.4 nm and λ 2 = 1554 nm, where λ 1 and λ 2 are the generated laser wavelengths due to the MMI filter 1 and the MMI filter 2, respectively. The cavity losses adjustment performed by the OA requires similar amplification gain at the generated wavelengths. The MMI filters wavelengths were chosen where the EDF amplification spectrum profile exhibits a flat zone proper for cavity losses balancing to reach dual wavelength laser generation. Figure 4b shows repeated measurements of the dualwavelength laser output with a launched pump power of 100 mW. The OA was adjusted to obtain dual wavelength laser operation with equal power wavelengths. Once simultaneous laser emission was reached, the OA was fixed to prevent instability by deformation. A set of ten measurements with a 2 min interval were obtained at room temperature in which thermal dependence of the MMI-DWF is not noticeable. The peak power variation for each generated wavelength was less than 0.3 %. Therefore, dual-wavelength laser emission stability is observed. Figure 5 shows the output power of the generated laser lines as a function of the pump power. The measurements were obtained for pump powers from 40 to 120 mW with an interval of 20 mW. A set of 10 measurements with interval of 2 min was performed at each pump power. With a pump power of 80 mW, dualwavelength laser emission with equal powers was initially set by adjusting the OA. For the subsequent measurements with different pump powers, the same OA adjustment was used. As it can be observed at pump power of 40 and 60 mW, the output power of λ 1 is higher than for λ 2 and the output power of both laser Fig. 3 Experimental setup of the ring cavity dual-wavelength EDF fibre laser with the MMI-DWF Fig. 2 a Schematic of the proposed MMI-DWF, b MMI-DWF transmission spectral response lines remains stable. At pump power of 80 and 100 mW stable dual-wavelength laser operation with equal power is observed. At pump power of 120 mW, the power became unstable. Figure 6 shows the laser wavelengths behaviour as a function of the pump power. The measurements were performed with the same settings used to obtain the measurements shown in Fig. 5 . With a pump power of 80 mW an initial adjustment in the OA was performed to achieve dual-wavelength laser operation with equal power. As is shown in Fig. 6a , laser lines displacement toward shorter wavelengths is observed with increment of the pump power. The wavelength displacement for the longer wavelength is larger than for the shorter wavelength, resulting in a variation of the wavelength separation between generated laser lines. With a pump power of 40 mW the separation between the laser wavelengths is~13.4 nm whereas a separation of~14.2 nm is observed with a pump power of 120 mW. Figure 6b shows the wavelength displacement Δλ as a function of the pump power where λ 1 is the shorter wavelength and λ 2 the longer wavelength. Δλ is the wavelength shift from the initial generated peak wavelengths with a pump power of 40 mW. The wavelength displacement for λ 2 is larger than the observed for λ 1 , where the maximal wavelength displacements for λ 1 and λ 2 are -0.7 and -1.42 nm, respectively.
The laser generation depends on the EDF amplification spectrum gain and on the filter transmission at the specific wavelength. The laser wavelength which will be generated is defined by the maxima of the product of the filter transmission and the EDF amplification. However, each MMI filter exhibits a narrow wavelength range of2 nm were the transmission maxima is approximately the same. Therefore, when the pump power is changed, the EDF amplification spectrum undergoes a profile modification that leads to a laser line generation in a slightly shifted wavelength. We attributed the larger shift of the longer wavelength to the fact of λ 2 is generated in a wavelength range in which the EDF amplification spectrum exhibits a downward slope of gain which leads to a more pronounced wavelength shift when pump power is varied.
Conclusions
In this paper, stable dual-wavelength laser emission using two MMI filters (configured as a MZ interferometer) was experimentally demonstrated. The novel filter structure was used for individual wavelengths selection and cavity losses adjustment to achieve dualwavelength laser operation of an EDF ring cavity laser. With a pump power of 100 mW, dual-wavelength laser emission at 1540.4 and 1554 nm with a wavelengths separation of 13.6 nm was achieved. The laser wavelengths output power stability variations with the 
